Abstract Animal experiments have demonstrated that the vast majority of vertical gaze-velocity Purkinje cells in the cerebellar floccular lobe, whose firing rate is modulated during vertical smooth pursuit eye movements, show a preference for downward pursuit. Here we validate the functional vertical asymmetry of the cerebellar flocculus in humans using functional magnetic resonance imaging by demonstrating a significantly higher activation of the floccular lobe for downward than for upward pursuit. The findings corroborate our recent hypothesis on the pathogenesis of cerebellar downbeat nystagmus.
Introduction
The cerebellar floccular lobe is of major importance for the control of smooth pursuit eye movements [1] . Floccular gazevelocity sensitive Purkinje cells (PC) show either roughly horizontal or vertical on-directions, i.e., they increase their firing rate in response to either horizontal or vertical visual target motion. Single-cell recordings in monkeys have shown that the majority of vertical gaze-velocity PCs (approx. 90%) exhibit downward on-directions, whereas only a few show upward on-directions [2, 3] . The goal of our functional magnetic resonance imaging (fMRI) study was to determine whether this pronounced asymmetry in vertical on-directions of monkey floccular PCs is also present in humans. Specifically, we asked whether in humans, the cerebellar flocculus shows a significantly higher blood oxygen level-dependent (BOLD) activation during downward pursuit than during upward pursuit. Preliminary results have been presented in poster form [4] .
Subjects and Methods
Twelve healthy right-handed subjects (six women, mean age 34±10 years) participated. Four subjects had to be excluded from further analysis because of stimulus-correlated head movements. The study was approved by the local Ethics Committee of the medical faculty of the Ludwig-Maximilian University. All subjects gave their informed written consent.
Computer-generated visual stimuli were presented to the subjects by means of MR-compatible video glasses (Resonance Technology; visual field of view 30°horizontal, 20°v ertical). Classical fMRI block design was applied. One block consisted of one stimulus condition, i.e., 25 s of smooth pursuit stimulation in upward or downward direction. Eighteen blocks of each condition were presented in an alternating order. Two stimulation conditions were applied:
In each condition, subjects followed a small target dot (diameter 1.3°) that smoothly moved in the vertical direction (Fig. 1, inset) with a cosine-bell-shaped velocity profile (peak velocity 8.8°/s; time for one screen transit 3.3 s; amplitude 18.7°), followed by a target jump back to the starting position [5] . Eye movements were monitored during the entire experiment using video-oculography to assure that subjects performed the task. The aim of our study was to evaluate whether the floccular BOLD responses differ during downward compared to upward pursuit, i.e., whether contrast images comparing upward and downward pursuit show significant activation patterns. To answer this question, no additional contrasts are necessary, and we therefore did not apply a rest condition in order to keep the scanning time reasonably short.
fMRI was performed on a 1.5-T Siemens clinical scanner using an echoplanar imaging sequence (TR=5 s, FOV=240 mm, matrix 64×64×39, voxel size 3.75 mm 3 ). One hundred and eighty-four image volumes were acquired from each subject and processed using SPM2 (http://www. fil.ion.ucl.ac.uk/spm/). The first four image volumes from each subject were discarded because of spin saturation effects. Head motion correction was performed by realigning each image volume to the first volume of the time series [6] . To eliminate variability induced by eye movements, the eyes were masked out of the images prior to realignment as described previously [7] . Following correction for head movements, all image volumes were normalized into the standard space defined by the Montreal Neurological For each cluster, the number of activated voxels, the coordinates of the cluster maximum (bold) and the coordinates of local submaxima are given
Institute template. Prior to statistical analysis, each image volume was smoothed with a 12-mm isotropic Gaussian kernel to attenuate high-frequency noise. Statistical parametric maps were generated on a voxel-byvoxel basis using a general linear model with a hemodynamic model of the stimulation periods present during the experiment [8] . To collapse functional imaging data for group analysis, contrast images were generated for UP-DOWN and DOWN-UP, according the two conditions applied. For each subject, the two resulting contrast images (UP-DOWN and DOWN-UP) were then entered into a second level statistical analysis (one sample t test) to test for group effects.
With regard to our hypothesis, p values were corrected for a search volume defined by a mask covering the region of both floccular lobes [9] 
Results
Region of interest analysis revealed activation clusters in both floccular lobes (Table 1 , Fig. 1 ) during downward smooth pursuit eye movements compared to upward smooth pursuit eye movements (contrast DOWN-UP). Although the number of activated voxels seems larger for the left than for the right flocculus, statistical analysis for laterality revealed no significant differences. At the selected threshold, no significant activation was detected for the contrast UP-DOWN.
Discussion
The present results demonstrate that floccular activity during downward smooth pursuit eye movements is increased relative to upward pursuit. An fMRI activation of the cerebellar floccular lobe during horizontal smooth pursuit eye movements as compared to fixation has been demonstrated before [11, 12] , but none of these studies examined differential activations according to pursuit direction. Although we cannot definitively rule out the possibility that part of the found functional vertical asymmetry of the flocculus reflects asymmetric activity associated with vertical saccades (downward for upward pursuit and vice versa), this seems unlikely for several reasons: (1) the majority of floccular PCs pause during saccades irrespective of their direction [13] ; (2) to our best knowledge, no study reports directional asymmetries of floccular activation for upward and downward saccades; and (3) floccular lesions in humans do not affect saccades in an asymmetric way [14] . Single cell recordings in monkeys have demonstrated that the majority of vertical floccular PCs have downward ondirections [2, 3] . Thus, our findings strongly suggest that a comparable asymmetry also exists in the human flocculus. In cortical regions, BOLD activation has been shown to be only weakly correlated with spiking activity, but it reflects local field potentials [15] . Even though the relationship of PC firing and BOLD response has not yet been investigated, the asymmetric BOLD response in our results possibly reflects an asymmetry of either PC simple spike activity or of the underlying synaptic activation of the PC dendrite.
Asymmetric pursuit with larger gain for upward eye movements has previously been reported for healthy subjects [16] , but only for peak target acceleration and velocity much above the values used in the present study. Moreover, visual inspection of our eye movement recordings did not show asymmetric pursuit, thus ruling out that our results are due to asymmetries in pursuit performance.
The functional vertical asymmetry of the floccular lobe is of major clinical importance for understanding ocular motor disorders involving the vestibulo-cerebellum. Since floccular Purkinje cells inhibit brainstem target neurons [1, 2] , damage in the presence of a physiological up-down asymmetry with a preponderance of downward ondirections would cause slow upward drifting eye movements due to disinhibition, as hypothesized previously [17] [18] [19] . This, in turn, would lead to downbeat nystagmus (DBN). DBN, a form of acquired persisting fixation nystagmus, is indeed most frequently found in patients with atrophy of the cerebellum [14, 20, 21] . Furthermore, it is associated with impaired smooth pursuit eye movements, especially in the downward direction [22] , which would be expected from a deficit of floccular PCs with downward ondirections. For a population of DBN patients with cerebellar atrophy, we recently showed that, in comparison to healthy controls, BOLD activation in the floccular lobe was decreased during downward pursuit [23] . The present study thus supports our hypothesis on the pathogenesis of DBN, which is based on a asymmetric distribution of the ondirections of vertical gaze-velocity PCs [17, 18] .
